Introduction
In recent years, the number of proteins discovered to be regulated by proteasomal degradation has dramatically increased [1] [2] [3] . Indeed, the crucial involvement of the 26S proteasome for a wide range of cellular functions in various compartments is now well-established [1, 4, 5] . Therefore, an in vivo system to measure and compare protein stabilities will be useful for a more detailed analysis of the roles and functions of critical regulator proteins during embryogenesis. LIM homeodomain transcription factors (LIM-HD) play pivotal roles for the development of specific neuronal structures and cell types [6, 7] . Proteasomal degradation has been implicated in the regulation of LIM-HD activity mediated in part by the LIM domain-binding ubiquitin ligase RLIM [8] . To be able to compare protein stability during embryogenesis we have injected mRNAs encoding either RLIM protein or a nuclear localization signal, both fused to six Myc-tags (Myc-RLIM and NLSMyc, respectively), into zebrafish embryos at the one-to-four-cell stage resulting in ectopic expression. mRNA and protein levels were monitored at various time points during zebrafish development. Our results show that in contrast to mRNA concentrations, the protein levels of Myc-RLIM were much lower at 24 hours post-fertilization (hpf) compared with the Myc-NLS control.
Materials
Zebrafish embryos were collected from our breeding colony according to standard procedures (Westerfield, 1989) . Embryos were staged in hours post-fertilization (hpf) at standard temperature (28.5 °C) as previously described [9] . In vitro transcription experiments were performed using the mMessage mMachine kit (Ambion) and Sp6 RNA polymerase according to the manufacturer's instructions. Myc monoclonal and polyclonal antisera were purchased from Santa Cruz and tubulin antiserum from Sigma. First strand synthesis reactions were carried out using material from Invitrogen (SuperScript II RT). PCR reactions were performed using MBI Fermentas Taq polymerase.
Procedures

Injection of mRNAs into fertilized eggs
Previously described Myc epitope-tagged RLIM full length in the CS2-MT plasmid [8] or control CS2-MT-NLS plasmid that contains a nuclear localization sequence was in vitro transcribed to produce mRNAs which were injected into the yolk of oneto-four-cell stage embryos as previously described (Roos et al., 1999) . Briefly, approximately 2 nl of mRNA (100-150 ng/µl) containing 0.5% RDA were pressure injected. Animals were allowed to develop to 5 or 24 hpf, at which time they were processed for either immunohistochemistry, RNA isolation or Western Blots.
RT-PCR
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random hexamers according to the manufacturer's instructions. PCR was carried out in a 25 µl final volume in 50 mM KCl, 4 mM MgCl 2 , 10 mM Tris (pH 8.8), 0.08% Nonidet P40, 250 µM of each dNTP, 100 ng of each primer, and 2 U of Taq polymerase (MBI Fermentas). PCR conditions were: initial denaturation at 94 °C for 5 min; followed by indicated cycles of 94 °C 1 min/62 °C, 1 min/72 °C 1 min with a final extension of 72 °C for 5 min. Primers sequences for PCR were: Myc-5′ GCT ACT TGT TCT TTT TGC AGG ATC C and Myc-3′ GAG GTC GCC CAA GCT CTC CAT TTC, amplifying specifically the 6x Myc-tag, present in all injected mRNAs. The expected sizes were 288 and 255 nt for the NLSMyc and the Myc-RLIM encoding RNAs, respectively. As control RT-PCR we used zebrafish β-actin primers Act-F: CTT GCG GTA TCC ACG AGA C and Act-R: GCG CCA TAC AGA GCA GAA amplifying a 429 nt fragment [10] .
Immunohistochemistry
For immunohistochemical experiments on wholemounted embryos we used the fluorescein isothiocyanate-conjugated (FITC) Myc antibody 9E10 (Covance, Princeton, NJ) as previously described [11] . Briefly, embryos were dechorionated, deeply anesthetized in 0.1% aminobenzoic acid ethyl methyl ester in PBS, fixed in 4% paraformaldehyde, 1% DMSO incubated with antibody overnight at 4 °C. Embryos were washed, directly mounted in glycerol and observed in fluorescence microscopy. No labeling was detected in 5 and 24 hpf embryos that had not been injected with any mRNAs.
Western Blots
Western Blot experiments were performed on cell extracts of injected and uninjected 5 hpf and 24 hpf zebrafish embryos. Cell extracts were prepared as described [12] and for the Western Blots polyclonal Myc-or tubulin antisera were used as reported earlier [8, 12] .
Results and discussion
It is clear that differences in protein concentrations of critical developmental regulators is an important determinant for embryogenesis. We have investigated and compared protein stabilities of two proteins ectopically overexpressed during early zebrafish development by mRNA injections. We have compared the stability of a protein consisting of six Myc epitope-tags fused to a nuclear localization domain (NLS) with the nuclear ubiquitin ligase RLIM [8, 13] fused to six Myc-epitope tags. We have chosen RLIM in these studies because our previous work suggested a relatively low stability of RLIM at the protein level [8] . For a more efficient mRNA production in vitro, we used pCS2-based vectors [14] , optimized for the production of high-quality mRNAs ( Figure 1A) . Thus, all mRNAs contained identical 3′ and 5′ untranslated regions. We chose primers for the PCR such that the same primer pairs could be used for the detection of both mRNAs ( Figure 1A ). However, due to the presence of the NLS sequence within the amplified fragment of NLS-Myc, the PCR product was predicted to be 288 nt as compared to 255 in the case of Myc-RLIM. Myc-NLS and Myc-RLIM encoding mRNAs were produced in parallel reactions using Sp6 polymerase and the concentration of the produced mRNAs was determined by both gel electrophoresis and a photospectrometrical approach. Equal amounts of injected mRNA was verified by RT-PCR using RNA isolated from four injected whole animals at 5 hpf using 13, 18, 23 and 28 cycles of PCR amplification ( Figure 1B) . To compare the stability of injected mRNAs, we performed a similar RT-PCR experiment on RNA isolated from four 24 hpf animals. Owing to general mRNA degradation over time we increased the number of amplification cycles to 15, 20, 25 and 30. We detected comparable amounts of mRNA encoding NLS-Myc and Myc-RLIM also at 24 hpf. As a control we performed an RT-PCR experiment using RNA prepared from four uninjected embryos ( Figure 1B) , showing that our RT-PCR experiment amplified specific sequences of the injected material. To verify the RNA input for the PCR experiments we carried out a PCR reaction on the same cDNA as before but using specific primers that amplify a 429 nt sequence of the zebrafish β-actin cDNA [10] . The results of these experiments showed that our PCR amplifications were specific and confirmed that the cDNA input in the PCR reactions were approximately equal ( Figure 1C) . Together, these results show that the stabilities of the injected mRNAs encoding NLS-Myc and Myc-RLIM are similar during the first 24 hours of zebrafish development (Figure 1) .
By performing immunohistochemical experiments using the FITC-conjugated Myc antibody on wholemounted embryos we then continued to investigate the developmental expression of the proteins encoded by the injected mRNAs. At 5 hpf, protein expression of the injected mRNAs of both Myc-NLS and Myc-RLIM was similar (Figure 2A, B) , demonstrating that there were no obvious differences at the level of mRNA translation. However, at 24 hpf, when the embryo consists of a much higher number of cells that contain a lower concentration of the initially injected mRNA, we observed a strong difference in protein detectability between the NLS-Myc and Myc-RLIM protein, with high levels of the NLS-Myc protein and no or very low detection of the Myc-RLIM protein (Figure 2C-F) . We repeated this experiment three times with the same outcome. To confirm these results we performed Western Blots on cell A: Scheme of the plasmids which were used to produce mRNAs to be injected into one-to-four-cell zebrafish embryos. Both cDNAs are in the same pCS2 vector, thus the in vitro-produced mRNA contains identical 3′ and 5′ non-coding sequences. The primer pair used for PCR amplifications is identical for NLS-Myc and Myc-RLIM and is indicated by arrows. The NLS-Myc contains the nuclear localization sequence upstream of the six Myc-tags, the amplified fragment is therefore 288 nt in length in comparison with 255 nt for Myc-RLIM. The region encoding the six Myc-tags are indicated as white spotted boxes, nuclear localization signals in black, the RING finger as a black spotted box and the SV40 polyadenylation signal as grey box. ATG start codons, TGA-stop codons and the RLIM-encoding region are indicated. B: RNA of NLS-Mycinjected, Myc-RLIM-injected and uninjected animals was prepared at 5 and 24 hpf and used for RT-PCR. We used 13, 18, 23 and 28 cycles for 5 hpf cDNA and 15, 20, 25 and 30 cycles for 24 hpf cDNA. Expected sizes for PCR-fragments of NLS-Myc and Myc-RLIM are indicated by arrows. C: Control PCR reactions on the same cDNAs as in B but using primers that amplify a 429 nt fragment in the β-actin cDNA. As a control we performed a reaction with no cDNA added. The arrow indicates the expected size of the β-actin fragment. In B and C, all bands originate from the same gels, but some lanes were rearranged for a simpler representation. extracts derived from zebrafish embryos injected with NLS-Myc-and Myc-RLIM-encoding mRNAs. Indeed, whereas NLS-Myc protein was clearly detectable at 24 hpf ( Figure 2G ), we were not able to detect Myc-RLIM protein at this stage ( Figure  2H ). In contrast, at 5 hpf both NLS-Myc (migrating around 18 kd), and Myc-RLIM (migrating around 60 kd) were readily detectable. Although absolute values for protein levels in embryos are difficult to determine, the observation that we could not detect Myc-staining in Myc-RLIM injected animals at 24 hpf indicated that the protein level of Myc-RLIM was drastically lower than that of NLS-Myc. The fact that this was not the case in 5 hpf embryos (Figure 2A, B) , where each cell is predicted to still contain a relatively high concentration of mRNA which subsequently becomes diluted out by each round of cell division, indicates that the high levels of NLS-Myc protein at 24 hpf is a result of protein accumulation. The fact that the injected NLS-Myc and Myc-RLIM mRNA levels are comparable at all investigated embryonic stages indicates that the observed difference in protein detection is a consequence of difference in protein stability. Indeed, like other RING finger ubiquitin ligases, RLIM can autopolyubiquitinate in vitro [8], presumably targeting itself for degradation, which makes it likely that this ability contributes to the instability of Myc-RLIM protein and, in contrast with NLS-Myc, to the inability to accumulate over time. However, it is likely that factors other than autoubiquitination activity contribute to the observed lower protein stability of RLIM, as many developmental regulators which are not thought to serve as ubiquitin ligases have been reported to have short half-lives. Taken together our results demonstrate that the Myc-RLIM protein displays a much lower stability than the NLSMyc protein during early zebrafish development.
Proteasomal regulation of animal development has been demonstrated in certain cases and since this field of research has begun to open up only recently, it is likely that many more examples of developmental systems that are regulated by the elimination of key regulatory proteins will be discovered in the near future. With the discovery of critical thresholds in protein concentrations as a driving force, the assessment of their developmental protein stability will be an important parameter crucial for investigations of their biological activity. The method presented here will allow to investigate comparative protein stabilities for a variety of developmentally active proteins. In particular, it should help to map developmentally relevant instability domains on proteins in vivo.
